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A rare look at the ckmkal. ccarposition of subsurface stratigraphy in 
lunar basins filled with mare basalt is possible at fresh impact craters. 
Mg/A1 maps froan orbital X-ray flaurescence meammmmts of mare areas 
indicate chemical anumalies associated with materials ejected by large 
post-mare impacts. Ihe objective of this resear& is to evaluate a method 
of constraining the wide-rang- estimates of mare basalt depths using the 
orbital Mg/Al data ard cc~apare the results to of investigators using 
different irdirect Ethods. 
-tal ananalies at impact craters within the maria indicate five 
locations w h e m  higher Mg/A1 basalt ccanpositions may have been excavated 
froan beneath the surface layer. At eight ather locations, low Mg/Al 
ancanalies suggest that basin-floor material was ejected. 
cases, the stratigraphic layers are interpreted to occur at depths less 
than the calculated maximum depth of excavation. III five &her cases, 
there is no apparent chemical change between the crater and the 
surrounding mare surface. 
that extend duwn to the depths sampled, Le., no anorthositic material 
that might represent the basin floor w a s  exposed. 
In these t w  
This suggests hamogeneaus basalt ccnpx>sitions 
!he limitations on basalt thickness inferred from the orbital XRF data 
are largely consistent with basalt isopach maps based on measmmmts of 
the exposed rim heights of partially buried craters in mare filled basins. 
Interpretations of these MJ/M data at several impact craters in IWE 
serenitatis are ampaxed to stratigraphic ILlDdels praposed by other 
LT.?2stigi?+ax?s. 
S i n c e  t h e  .Apollo n i s s i o n s  to tlls :loon, e s t i v i a t e s  of pure basalt d e o t h s  i n  
l u n a r  h a s i r ? ?  have becoae p r o g r e s s i v e l y  s n a l l e r ,  from t e n s  of k i l o a e t e r s  to  
tent:is of k i l o q e t e r s .  The  i n d i r e c t  rncthr>ds use:! i n  t h e  p o s t  t o  de t e rmine  t h e  
t h i c k n e s s  of v o l c a n i c  & ; ) w i t s  and correspond in:; voliitne estimates of lavas 
extruderi  o n t o  t h e  l u n a r  s u r f a c e  are:  ( 1 )  i n t e r p r e t a t i o n  of seismic and grav i ty  
d a t a  (Toksoz et al.,  1372 ; Thurber  and Solo~non, 1935); ( 2 )  topographic '  s t u d i e s  
of u n f i l L e d  b a s i n  morphonetry (Head, 1976) ;  ( 3 )  s t r a t i g r a p h i c  r e l a t i o n s h i p s  
r e l a t i v e  to  mare surface 's  (tlead, 1331); ( 4 )  t h e  e x t e n t  to which basa l t s  have 
b u r i e d  t h e  ri:as of p r e w r e  craters (!leiion and Vaskori, 1976; Deiion, 1979) ;  (5) 
t h e  r e J e E i n i t i o n  of assJnptions of t h e  nethod used by DeHon and !.!ascon (1376) t o  
p r e d i c t  lower c a l c u l a t e d  basalt depths  (i lorz,  1378) and ( 6 )  t h e  r e i n t e r p r e t a t i o n  
of seismic d a t a  (Goins e~ d., 1961). 
The l i m i t a t i o n s  of each  of these inn irect  ne thods  makes i t  necessa ry  to 
cortbine resiilts am1 seek new' ways to e v a l u a t e  tticm. O r b i t a l  X-ray f l u o r e s c e n c e  
( X X )  d a t a  a t  fresh i z p c t  craters i n  a  fer^ s p e c i f i c  l o c a t i o n s  i n  the maria pro- 
v i d e  s t i l l  a n o t h e r  ved_?~ f o r  c o n s t r a i n i n g  t h e  w i d e  range  of estimates. From 
b a s a l t  depth  i n f o r n a t i o n ,  there is a better unde r s t and ing  of b a s a l t  voluries, 
b a s i n  c o n f i g u r a t i o n s ,  irrtpact processes  and c o n s t r a i n t s  on g r a v i t y  and seisnic 
i n t er p r e  t a t  ions .  
E r a t o s t t i e n i a n  an3 Copern ican  i n p a c t  craters i n  mare areas can be used as 
s t r a t i g r a p h i c  probes when t h e y  can be d e t e c t e d  as  a n o w l i e s  i n  o r b i t a l  X-ray 
f l u o r e s c e n c e  (XL!) d a t a .  :ig/ill r a t io s  c a l c u l a t e d  €or surface s o i l s  a t  craters 
tilat are w i t h i n  t h e  r e s o l u t i o n  of the XPZ d e t e c t o r s  are compared t o  t h e  :Ig/Al 
a v e r a g e  of t h e  su r round in2  mare surEace. Low Xg/Al r a t io s  a s s o c i a t e d  w i t h  
pos t-mare i n p a c t s  :~oulci i n d i c a t e  t h a t  nore  a n o r t h o s i t i c  material  from benea th  
t h e  h a s a l t  f i l l  ha3 heen exposed; shereas  s i z n i f i c a n t l y  h i g h e r  IIg/X1 ra t ios  
would suZ:!:cst t h a t  
saapled. 
f con l a b o r a t o r y  c r a t e r i n s  e x p e r i n e e s ,  n a t u r a l  t e r r e s t r i a l  analogs,  chemica l  and 
n u c l e a r  tests anll t h e o r e t i c a l  s t u t l i e s  are used to  c o n s t r a i n  d e p t h s  to  crustal  
n a t e r i a l  Seiwath mare h a s a l t s .  
1 
b a s a l t  l a y e r  q f  a d i f f e r e n t  chemical compos i t ion  had been  
t’reinpact and p o s t i n p a c t  p o s i t i o n s  of m t e r i n l s  from v a r i o u s  d e p t h s  
T h e  Fanciamental p r e n i s e  of thc o r b i t a l  XIZF d a t a  i n t e r p r e t a t i o n  is t h a t  
b a s a l t  fill i n ’  t h e  basins ( h i g h  ?!g/Al na t c r i a l )  i s  generally lense-shaped and 
t h a t  t h e  a n o r t h o s i t i c  c o a p o s i t  i o n  of t h e  h i g h l a n d s  (lox l!g/Al material ) 
surroundin:: t h e  sa r ia  is coapa rnb le  to  t h e  b a s i n  f l o o r  u n d e r l y i n g  it. T h i s  pre- 
mise is suppor t ed  by c r u s t a l  t h i c k n e s s  naps based oil t h e  A i r y  compensat ion model 
(\:ills and Ferrari ,  19761, by the sliallow (1: 10) d e p t h / d i a n e t e r  ra t io  e s t i m a t e d  
f o r  b a s i n  e x c a v a t i o n s  ( C r o f t ,  1931) a d  by t h e  a n o r t h o s i t i c  n a t u r e  of basin 
ejecta ( S p u d i s ,  1983 and Andre,  1381). 
, 
T h e  o i , j ec t ive  of this o r b i t a l  !:X s t u l i y  is p r i n a r i l y  t o  d e v e l o p  a tecil- 
Luuilr br \s ins .  ilany p o t e n t i a l l y  11seEu1 sha l low c r a t e r s  were orni t ted because of 
s p a t i a l  r e s o l u t i o n  c o n s t r a i n t s ,  s t a t i s t i c a l  e r r o r s  and nonr:hernical i n t e r o r h i t  
v a r i a t i o n s  i n  t h e  d a t a .  D e s p i t e  these  d r a w b a c k s ,  t h e  results of t h e  survey  are 
e n c o u r a g i n b  f o r  h t u r e  hi::h-resolut ion SRF remote sens iilg t o  r e f i n e  k n o w l e d ~ e  of 
mare s t r a t i g r a p h y .  
P!g/Al r a t i o s  f ron  i r r e p l a r l y - s p a c e d  p o i n t s  w i t h i n  t h e  ove r l app ing  coverage  
3 of t h e  Apollo 15 and 16 o v e r f l i g h t s  were combined i.nto a i l i s i t a l  map of 7.5- k m  
e l e m e n t s .  The values f o r  Sara po in t s  o c c u r r i n g  wi th i i i  t h e  X F  f ield-of-view 
( F O V )  w e r e  resampled w i t h  s l i d i n g  hxca r  f i l t e r s ,  r,~ei::hteJ t o  s i n u l a t e  t h e  
varyin;:  s i g n a l  i n t e n s i t y  o f  t;le d e t e c t o r .  For a nore d e t a i l e d  d e s c r i p t i o n  of 
c o r r e c t i o n s  :nac!e t u  t\? 6 a t a  a d  process ing  procedures,  see i i i e l e f e l d  e t  a l .  
(1977) .  - 
For the' purpose  of this s t u d y ,  the tfz/Al r a t i o  is p r e f e r a b l e  to  e i t h e r  t h e  
A l / S i  or : i s / S i  r a t i o  j e c a u s ~  i t  is the on ly  one t h a t  can Se m e d  to  d i s t i n g u i s h  
KREEP and Low-K F r a  ' f a r o  b a s a l t s  fror: a n o r t h o s i t i c  terra cornposi t ions.  A 1 1  
t h r e e  co!.,positions 
! l g / A l  c o n c e n t r a t i o n s  for a n o r t h o s i t e ,  g a h b r o i c  a n o r t h o s i t e  and a n o r t h o s i t i c  
gabbro  are c o x i s t e n t l y  below t h a t  for  K E E P  and Low-K %ra Plauro b a s a l t s  t h a t  
rarely f a l l  below 0.4. Y g / A l  c o n c e n t r a t i o n s  fo r  rock and s o i l  samples  r e t u r n e d  
from t h e  rioon are c w p a r e d  to a Frequency di3:;ran of o r b i t a l  XIF :Ig/Al i n t e n s i t y  
r a t i o s ,  e q u i v a l e n t  c a l c u l a t e d  Xg/:\l c o n c e n t r a t  i o n  r a t i o s  and co r re spond ing  den- 
have t h e  sane , \ l /si  and ?ls/si c o n c e n t r a t i o n s ;  whereas  t h e  
s i t y  nu+ers  ( 0 : ; )  of the 'lg/Al d i g i t a l  iinase (Fi.c;. 1 ) .  
Spa t  i n 1  r e s o  l u t  i on  cons i d e  ra t ions : 
l toi~ s m 1 1  a n  impact crater  could create a chernical anonaly orr the mare sc1r -  
f a c e  tha t  could be detectei!  i n  the o r l j i t a l  XXF d a t a ?  F i v e  t h i n g s  rnust he 
c o n s i d e r e d :  ( 1 )  t h e  s i z e  of t h e  fea ture  r e l a t i v e  t o  t h e  o r b i t a l  X P J  field-oE- 
view (FOV);  ( 2 )  t h e  v a r y i n g  response of t h e  XRF d e t e c t o r ;  ( 3 )  t h e  percent d i f -  
f e r e n c e  between t h e  Xg/Al r a t io  For crater  materials a d  fo r  t h e  su r round ing  
mare s u r f a c e ;  ( 4 )  ttie s i g n a l  to  noise  l e v e l  of the XRF instrrinient;  and (5) t h e  
r a d i a l  e x t e n t  to which material fror.1 t h e  s u b s u r f a c e  layer b l a n k e t s  the area. 
A g r a p h  was c o n s t r u c t e d  t o  show t h e  r e l a t i o n s h i p s  among t h e s e  f a c t o r s  (F ig .  2 )  
The f o l l o w i n a  a s s u n p t i o k  were nade: ( 1)  t h e  anomaly is c i r c u l a r  and cheaically 
Ilo~iogerIeouS; and (2 ~ h e  su r round ing  mare t e r r a i n  is c h e m i c a l l y  homogeneous and 
. -  
fills t h e  rernaiiider of the FOV, 
The "X difference i n  t h e  e l e m e n t a l  r a t i o  a t  t h e  l u n a r  SLirface" is calcu-  
l a t e d  f roa  a series of r a t i o  pairs a s s i g n e d  t o  an anomaly and t o  t h e  su r round ing  
area. Chernica l  a n o n d i e s  with r a d i i  of 5 km, 10 kn, 15 km, 30 km and OC km were 
c o n s i d e r e d .  I n  each case, a -co r re spor id ing  Z d i f f e r e n c e  t h a t  would he d e t e c t e d  by 
the o r b i t i n g  StC s p e c t r o m e t e r  was c a l c u l a t e d .  A f e a t u r e  of 60 k m  r a d i u s  would 
a c c o u n t  for  100X of  t h e  secoada ry  x-ray s i 2 n a l  when c e n t e r e d  w i t h i n  the FOV; 
t h e r e f o r e ,  t h e  corrrrast neasured by ths XP,C d e t e c t o r  ~1ou1c.l a c c u r a t e l y  r e f l e c t  
t h e  c o n t r a s t  i n  lunar s u r f a c e  so i l s ,  as shown on t h e  graph. For arionalies 
smaller t h a n  t h a t ,  however, the c o n t r a s t  measured from o r b i t  w i l l  d e c r e a s e  (due 
to a r t i f i c i a l  n i x i n 2  of t h e  X-ray s i g n a l  f r o n  t h e  tw areas) a c c o r d i n g  i o  the 
response f u n c t i o n  of t h e  Xi%- i n s t r u n e n t .  The d e t e c t o r  is mst e f f i c i e n t  a t  t h e  
s u b s a t e l l i t e  p o i n t ,  such  t h a t  50% of  t h e  s igna l  is fron a c e n t r a l  area i n  the 
FOV t n a t  is abut 10 kn i n  r a d i u s .  
.. 
The 9raph (F ig .  2 ) i n d i c a t e s  that t?ie s n d l e s t  Z e t e c t a b l e  anoinaly i n  the 
o r b i t a l  X W  d a t a  would be 5 l i b 1  i n  r a d i u s ,  o n l y  if t h e  r a t i o  d i f f e r e n c e  between 
the che..iical f c a t u r c  and t h e  s u r r o u n d i n g  mre were a t  l eas t  150%. For instance, 
if a chc; i icnI  ano- ia ly  5 kq in r 'idius has a n  !fg,'~l c o n w n t r 3 t i o n  of 0.2 (e.g., 
gabbroic: a o r t h o s i t e )  compared t o  s u r r o u n d i n 3  b a s s l t s  i:ith an !$,/A1 concentration 
of 0.8, t h e  d i f f e r e n c e  is 0.6. T h i s  d i E € e r e n c e  r e p r e s e n t s  a 300X i n c r e a s e  o v e r  
t h e  chcaical anomaly. Flowever, i n  th2 o r b i t a l  S P J  d a t a  t h e  d i f f e r e n c e  k t u e e n  
t h e  a n o a a l y  and t h e  su r roun3 ing  h a s a l t s  would appear t o  he no more than lox,  
j u s t  above the cr i t ica l  s i g n a l l n o i s e  l e v e l .  Below that poin t ,  a chemica l  
v a r i a t i o n  could not  be detected. 
' C r a t c r i n g  rwctianics: 
The  s m a l l e s t  d e t e c t a b l e  anonaly i n  t h e  o r b i t a l  !<!@ d a t a  can  be d e f i n e d  i n  
tcbrcns of tl:c s r ~ a l l e s t  p o t e n t i a l l y  :isefiil c r a t e r  f o r  t h i s  s t u d y ,  accorccing t o  
cioJrls o f  cra te r  rilechanics. 
T h e  sequence of e v e n t s  : luring an  i n p a c t  and t h e  zlechanical rearrangement  of 
p r e - t a r g e t  materials are i r ipo r t an t  t o  t h e  i n t e r p r e t a t i o n  of s t r a t i g r a p h y  from 
o r b i t a l  c h e n i c d l  d a t a .  T h e o r r i i c a l  c a l c u l a t i o n s  of impact processes ?laxwell ,  
1977;  C r o f t ,  19801, l a b o r a t o r y  s tud ie s  of inpact craters ( S t o f f l e r  e t  a l . ,  1975) 
arid i n v e s t i g a t i o n s  of n a t u r a l  and e x p l o s i o n  i n p a c t  craters on E a r t h  (Shoemaker, 
1360; G a u l t ,  1974; Jones ,  1977; Roddy, 1973, 1377; Xoore, 1977) confirm t h a t  the 
d e e p e s t  inaterials excavates range kyoi id  the rim crest and ere p o s i t i o n e d  on top  
o €  ejecta from shallower 1E' ie lS of excava t ion .  Vhen a p p l i e d  to t h e  l u n a r  c a s e ,  
t h i s  means t h a t  s u b s u r f a c e  Taterial i n  a crater  too small t o  be r e so lved  with 
the SlcF d e t e c t o r  could bs 3ist ing;r l ished because of t h e  l a t e ra l  e x t e n s i o n  pro- 
- vided by t h e  ejecta. 
The i n v e r t e d  o r d e r  o E  preimpact s t r a t i g r a p h y  can be seen a t  3 e t e o r  C r a t e r  
i n  A r i z o n a  and a t  X i d d l e  Gust and ! k e d  Coapany e x p l o s i o n  craters (Roddy, 1973). 
Xaterial froin the deepest l e v e l s  of e x c a v a t i o n  appea r  on top,  c l o s e s t  t o  the 
crater  rim. The final p o s i t i o n s  of s u c c e s s i v e l y  sha l low s t r a t a  are a t  lower 
l e v e l s  of c o n t i n u o u s  ejecta d e p o s i t s  and are v i s i b l e  on t?ie s u r f a c e  only at 
i n c r e a s i n g  d i s t a n c e s  f r o 3  r'ne c r a t e r .  The d e e p e s t  a d  l a s t  inateriai excava ted  
i s  not e j e c t e d  b e y o d  t h e  c r e a t e r  rim, bu t  f a l l s  back i n t o  t h e  c ra te r  arid 
se t t les  on t o p  of t h s  b r e c c i a  l e n s  (Rotldy, 1977). 
Nany s t u d i e s  of con t inuous  d e p o s i t s  arorind t e r r e s t r i a l  impact craters can't 
be a p p l i e d  d i r e c t l y  to  S e o c h e a i c a l  s t u d i e s  of crater  d e p o s i t s  on p l a n e t s  u s i n 2  
remote s e n s i n g  d a t a .  For i n s t a n c e ,  a d e t a i l e d  s t u d y  of t h e  Ries crater in 
Germany (Ilorz et al . ,  1933) was l i m i t e d  t o  wei;:tit Z calciilat ions  of pre-impact 
s t r a t a  from cores d r i l l e d  a t  v a r i o u s  r a l i a l  d i s t a n c e s  f r o n  thc c ra te r  throuzli  
. ' tile erit i re  t l i i ckness  of tfic cont  inrious d e p o s i t .  T h S ,  the p r o p o r t i o n s  c)f t h e  
c r a t e r  c!cposits a t t r i b u t e d  t o  specific:  l a y e r s  of tile t a r g e t  zdne are v o l u l . ~ t r i c  
n e a s u r e w n t s  atid hear l i t t l e  w l a t i u ! i  t o  t!ic s u r f  i c i n l  vieid f ro ! :?  an o r b i t i n n ,  
s p e c t r o m e t e r .  I n  f a c t ,  two Ties c las t s  a l o n e  ~ C C O U I I L  €or about 45% of t h e  
m i g l i t  of a l l  cr'iter rnaLerials observed i n  t h e  d r i l l i n ? ,  p r o j e c t .  The author- 
conclude t h a t  t h e  R i e s  cri?ter t:ontinuous d e p o s i t s  e x h i b i t  on ly  a c rude  
approxir; lat  i o n  of i n v e r r e d  s t r a t  igrdpliy and t h a t  deep-seated xiaterial fro- t h e  
t a rge t  is a minor component i n  t h e  e jecta  beyond the t e c t o n i c  r i m .  IIowever, f r o n  
t h e  r e n o t e  sensing p e r s p e c t i v e ,  t hese  r e s u l t s  are s e r i o u s l y  skewed. A rlore 
a p p r o p r i a t e  \Jay t o  d e s c r i h c  t h e  source of t e r r e s t r i a l  impact d e p o s i t s  as an ana- 
l o g  to p l a n e t a r y  inpact  c ra te r  ejecta ,as viewed from o r b i t  by spectral  r e f l e c -  
t a n c e  and X F  i n s t r m e n t s  that measure less  t h a n  t h e  t o p  2 0  ut? of t h e  s u r f a c e ,  
would be t h e  p r o p o r t i o n  of deep  t a r g e t  t o  s h a l l o w  t a r g e t  ejecta i n  s u r f a c e  
samples c o l l e c t e d  a t  i n c r e a s i n g  radial d i s t a n c e s  from the c e n t e r  of the crater. 
I f  the crater is not e x t e a s i v e l y  eroded,  it is expected t h a t  t h e  i n v e r t e d  stra- 
t i g r a p h y  and existence of deep  crater ejecta on t h e  s e r f a c e  a t  and beyond the 
r i m  crest  would he s t a t i s t i c a l l y  s i z n i f i c a n t .  I f  such measurenents  were 
p o s s i b l e  at the Ries crater, the r e s u l t s  would be nore l i k e l y  to  r e f l e c t  the 
ejecta  s t ra t  i f  icat  i o n  findin5.s p r e d i c t e d  by c r a t e r i n g  nec ' lanics  theo ry ,  observed 
in e x p l o s i o n  craters and l a b o r a t o r y  impact tests, as well a s  g e o c h e n i c a l  data 
(Andre et a l . ,  1979) ,  spectral r e f l e c t i v i t y  data (Pieters, 1977) and by astro- 
n a u t  o b s e r v a t i o n s  (El -Baz  and VorJen, 1972)  of t h e  Xoon. 
_- 
H y p e r v e l o c i t y  iEpact  experiments ( S t o f  f l e r  et a l ,  1975)  were conducted to 
t race t h e  f i n a l  p o s i t i o n s  of co lo red  sand ejecta from h o r i z o n t a l  r e f e r e n c e  
s t r a t a .  :faterial d i s p l a c e d  f r o n  the uppe r  152 of  t h e  crater  d e p t h ,  d (rim to 
bottoni),  is r e p r s s e n t e d  w i t h i n  t h e  whole e jecta  b l a n k e t  t h a t  extends more t h a n  
6.5 crater raJ i i  f r o n  the  c e n t e r  of impact. E l a t e r i a l  f r o n  deepe r  t h a n  28% of d 
i s  d e p o s i t e d  i n s i d e  2 c r a t e r  r a d i i  and no material from d e e p e r  t h a n  33% of d was 
t i v e  t o  t b c  o r i g i n a l  t:ir;:et s t r a t a .  
L f  a!) icip:tr:t c r a t e r  10 !71 r;ijc an.1 2 ki7 d e e p  forwc!  i n  R two-laysr target,  
i n  which I o i J  i,ls/A1 nnor thos  i t  ic ~ ~ t ~ r i ~ l  l i e s  helow hi211 : Y . ; / A ~  n a r e  s u r f a c e  o n l y  
a €ew n e t e r s  t l i i ck ,  anor thos i t i c :  e j e c t a  caiild extend t o  7 c r a t e r  r a13 i i  from the 
c e n t e r  of  i m p a c t  ( S t o f f l e r  e t  a l e ,  1 9 7 5 ) -  Ilowever, beyond t i e  continrioiis ejecta 
d e p o s i t ,  t h e  two compos i t ions  are mixed 5y secondary i n p a c t s  (Oberbeck, 1975). 
Thus, t h e  clearest ev idence  for  e x c a v s t i o n  of subsurEace zaterial  of a d i f f e r e n t  
c o q p o s i t i o n  t h a t  might a p p e a r  i n  the o r b i t a l  XKF d a t a  l i e s  i n  the  con t i auous  
d e p o s i t s .  
c o n t  i nuous  ejecta rad i u s  ( +e ) as : 
:loore (1974)  d e f i n e d  the  r e l a t i o n s h i p  between crater  r a d i u s  (r,) and 
= 2 . 3 4 5  Rc 1.036 
I f  t h e  m i n i m u m  rad ius of a? anonaly ( c o n t i n u o u s  e j ec t a )  w i t h  *lg/Al con- 
c e n t r a t i o n s  150% l o ~ e r  t h a n  the su r round ing  n3re t h a t  coulC: 5e d e t e c t e d  i n  the 
o r b i t a l  XRF d a t a  is 5 k ~ ,  the  correspondin; crater r a d i u s  ..:ou13 be 2.1 kn. The 
smallest  ixpact crater  inc luded  i n  t h i s  su rveg  has a r a d i u s  of 2.5 and a calcu-  
l a t e d  c o n t i n u o u s  e jecra  Sla-;ILet 5.9 km i n  r a d i u s  . 
Cr i t e r i a  f o r  craters used i n  t h e  survey:  
1) The crater  was formed by impact i n t o  a mare area of the !loon. 
2 )  The  crater is of E r a t o s t h e n i a n  or Copern ican  age (post-nare) .  
3 )  t h e  c ra te r  a t  least 5 kn i n  d i m e t e r  w i tb  3 c a l c u l z t e d  con t inuous  ejecta 
b l a n k e t  11.8 i n  d i a n e c e r .  
4 )  A t  least  one o r b i t a l  XRF da ta  c o l l e c t i o n  po in t  l i e s  w i t h i n  t h e  con- 
t i n u o u s  e jecta  of t h e  crater. 
5 )  The edge OE t h e  c o n t i n u o u s  e j e c t a  is more t h a n  10 !cn from the n e a r e s t  
n a r e / t e r r a  c o n t a c t .  
6 )  The crater  i n t e r i o r  has not been  f looded w i t h  mare b a s a l t s .  
Thir.ty-two c ra te rs  n e t  the c r i t e r i a  l i s t e d  above. I n f o r n a t i o n  was t a b u l a t e d  
o n  tile crater  a g e s ,  t h e  1:25:),00i) T.unar Topographic  Orthophoto :tap (LTO) where 
the;: can ‘-e found , t h e  rim crest rad ill<, t h e  calc:tdattbd e x t e n t  of t h e  cont  iniious 
e j ec t a ,  ti12 nu;:her of o r b i t a l  XKF d a t a  p o i n t s  i n s i d e  t h e  area of cont inr lous 
e j ec t a ,  and t h e  d e p t h  of t h e  c r a t e r  f r o n  r i m  t o  f l o o r  (Table  1). 
L I W  :Ig/Al d i g i t a l  irlap was used t o  e v a l u a t e  c h e n i c a l  chanzes a t  t h e s e  cra- - 7  
ters  because by conbinin;: neighborin:: d a t a  p o i n t s  w i t h i n  t h e  FOV, c o u n t i n g  
s t a t i s t i c s  are izproved.  S p a t i a l  r e s o l u t i o n  l i m i t a t i o n s  res t r ic t  t h e  s tudy to 
r e l a t i v e  r a t h e r  t h a n  a b s o l u t e  ?$;/A1 c o n c e n t r a t i o n  d i f f e r e n c e s  between crater 
t h e  a d j a c e n t  na re .  Thus,  no eEfort was nade t o  conve r t  d e n s i t y  numbers (9::) 
from the map t o  ?lly, /Al  c o n c e n t r a t i o n s .  The  area v i t h i n  t h e  c ra te r  r i m ,  t h e  a r e a  
bet:Jeen the ria and ~ 1 1 2  boundary o€ t.he c o n t i n u o u s  e jec ta ,  and beyond t ha t ,  a 
mare area with a r a d i a l  d i s t a n c e  t h e  same as t h e  contiriuous ejecta were p l o t t e d  
on t h e  d i g i t a l  ‘ig/Al :up. The mean ;-lg/L\l d e n s i t y  nuT-nber and s tandard 
d e v i a t i o n s  fo r  each  a r e a  e r e  determined. 
T h r e e  o t h e r  c a l c u l a t i o n s  are needed t o  e v a l u a t e  t h e  :tg/Al inears fo r  each 
c o n c e n t r i c  crater a r e a :  the? e s t i n a t e d  depth oE e x c a v a t i o n  from wliich e jecta  
beyond the r i m  is 6 e r i v e d  ( S t o f f l e r  et al . ,  19751, t h e  d i f f e r e n c e  i n  31; between 
t h e  crater  and the =re ‘kyond t h e  con t inuous  e j e c t a  and t h e  o v e r l a p  between 
t h e i r  s t a n d a r d  deviations t o  omit any g r e a t e r  t han  I):? = 5 (Table 2 ) .  
The f i n a l  s t e p  is t o  i n t e r p r e t  t h e  h i g h  or low i . Ig /Al  anomalies  w i th  stan- 
d a r d  d e v i a t i o r ?  o v e r l a p s  less t h a n  5 1XI i n  terms of whether  t h e  t o t a l  accuau la -  
t i o n  of hasa l t s  are g r e a t e r  than (GT) or  less t h a n  (LT) t h e  e s t i m a t e d  d e p t h  of 
e x c a v a t i o n  f o r  t h a t  crater. Unless t h e  ave rage  I):: f o r  t h e  crater r e p r e s s m s  a 
d e c r e a s e  o r  i n c r e a s e  of 3 r e l a t i v e  to  t h e  mare a v e r a g e ,  t h e  c h e n i c a l  cornpos i t  i o n  
f o r  the c ra te r  materials and surround in:: mare s u r f a c e  are consic!ered hoaogeneous 
from tile o r b i t a l  XW p r s p e c t i v e .  T h a t  is, t h e r e  is no ev i3ence  that  t h e  
d e e p e s t  s n t e r i a l  s m p l c d  is d i f f e r e n t  f r o m  t h e  m r e  sur face  basa l t s .  X icean 
aCCuRNi1ation of b n s a l t s  i n  t h i s  area may exceed tile maxiqua escavatioa d22th  of 
the c ra te r .  I n  f a c t ,  it sugg:cs;ts excavat ion  of an e a r l i e r  basa l t  Elow with a 
r icher  concentration of ?1g/41 t h a n  those on the surface. O n  the other hand, A 
DtJ ciecrcase of 3 or more for the crater  re la t ive  to the :>are inp l ies  t h a t  the 
b a s i n  f loor contact m y  l i e  a t  d e p t h s  less than the calculated excavation depth .  
The resul ts  of the o r b i t a l  XL! su rvey  are then conpared to  the results 
of two d i f f e r e n t  basal t  rh ickness  interpretat ions of measr-lrements of exposed 
r i r a  heights of p a r t i a l l y  hrieif craters  i n  the mars (UeF!on and Vaskoa, 1976; 
l lorz ,  1378). 
b a s a l t s  c a l c d a t e d  hy a n  independent method (DeiIon and '?askom, 1976).  
The locat iorr  of the craters  are p l o t t e d  on an isopach map of mare 
i t c s u l t s  of t h e  o r b i t a l  XRF i?lpac:t c r a t e r  s u r v e y  arc shown i n  Table  2 .  
t l \ ir ty-t l . :o for  hisher s t a t i s t i c a l  c e r t a i n t y .  1!axinrl-n and ?ininurn dep ths  to t h e  
base of  n a r e  b a s a l t  acccimulations i n  t h e  b a s i n s  were e s t i m a t e d  f o r  each c r a t e r  
u s i n g  .1g/>il d a t a  and c a l c u l a t e d  l e v e l s  from which t h e  d e e p e s t  crater  e j e c t a  near  
t h e  r i r n  is de r ived .  
O f  the e i g h t e e n  c r a t e r s ,  f i v e  a re  a s s o c i a t e d  w i t h  iricreased i i g / A l  con- 
c e n t r a t i o n s  r e l a t i v e  t o  t h e ’ n a r e  s u r f a c e  ( f r o 2  a s u b s u r f a c e  h n s a l t  h o r i z o n  o i  a 
d i f  f e r 2 n t  c h c n i c a l  c o c p o s i t i o n ? ) ;  e i g h t  have dec rease?  ‘.!g/Xl c o n c e n t r a t i o n s  
( s a a p l c d  f r o n  t h e  b a s i n  f l o o r  ?xneath t h e  n a r e  f i l l ? ) ;  and f i v e  have no apparent 
change (no ev idence  of i nc reased  a n o r t h o s i t i c  cosipouent ?>. 
F i f t e c n  of the c r a t e r s  fn the o r b i t a l  XI:? survey a r e  i n  areas where basa l t  
depth c o n s t r a i n t s  can Se cmparcd t o  b a s a l t  i soach  maps from i n v e s t i g a t o r s  us ing  
o t h e r  t e c h n i q u e s :  1) t h o s e  by I)e!;on and Vaslcom (1976)  and D e I h  (1979) :.rho base 
t h e i r  estimates of maxiram !x i sa l t  depths  on f r e s h  c r a t e r  norphometry and 2 )  
t h o s e  by iiorz (1978)  who r educes  tliose e s t i n a t e s  by h a l f  t o  account  f o r  t h e  
d e g r a d a t i o n  of p r e 3 a r e  craters t o  the  e x t e n t  of a r a d o m l y  sampled p o p u l a t i o n  
of craters i n  the h i g h l a d s .  I n  12 o f  t h e  15 cases, t h e  Mg/Al d a t a  c o n s t r a i n t s  
on b a s a l t  d e p t h s  agreeed wi th  t h o s e  of DeIlon (1979) and DelIon and ;.!askon (1976). 
I n  10 of t h c  15 cases, t h e  o r b i t a l  ‘ l s / A l  d a t a  agreed with c s t i n a t e s  of liorz 
( 1978) .  
I n  t h e  next  s e c t i o n ,  b a t h  h i g h  and low :lgfAl a n n n a l i e s  a t  i a p a c t  c r a t e r s  i n  
Xare S e r e n i t a t i s  w i l l  be discussed to  d e i w n s t r a t e  how t h e  o r h i t a l  X!F data  can  
be used t o  d e t e c t  i r r e g u l a r i t i e s  i n  \,asin conf  i .g \ i rnt ion and c o n s t r a i n  t h e  d e p t h s  
o f  b a s a l t s  t h a t  f i l l  rhea. 
DISCUS SIOlZ 
:1g/Al da ta  a t  i y a c t  c ra te rs  i n  :tare S e r e n i t a i s  add a new s t r a t i g r a p h i c  
dimension t o  a v a r i e c y  of tenioce s e : s i n g  s t u d i e s  of the a rea .  f5essel c r a t e r  i n  
central  :!are S e r e n i t a t i s  has an average FI%/A1 c o n c e n t r a t i o n  2 . 0  lower  t h a n  t h e  
s u r r o u n d i n g  mare s u r f a c e .  The c h e n i c a l  c o n t r a s t  inpl ies  t h a t  a n o r t h o s i t i c  
m t e r i a l  benea th  t h e  mare b a s a l t s  has k e n  exposed. 
t h i n  .dark l a y 2 r  about  503 c1 below the  c ra te r  r i m  on Xpollo 15 and 17 panoramic  
Young (1977)  observed  a 
c a n e r a  f r a n e s .  1Ie proposed t h a t  it is an e x t e n s i o n  of t h e  d a r k  mantle annulus 
of s o u t h e r n  ?lare S e r e n i t a t i s  t h a t  d i p s  less t h a n  0.15 d e g r e e s  under  younger  
l a v a s  of the i n t e r i o r  h i s i n .  Cons ider ing  t h e  no rphone t ry  of  Bessol and t h e  
nec l i an ic s  of i n p a c t  crateri?lg, could t h e  impact have d i s t r i b u t e d  low ?fg/Al 
na te r ia l  from below the &irk l a y e r  a t  a s u f f i c i e n t l y  wide range  t o  !E d e t e c t e d  
by the o r b i t i n g  2:RF s p e c t r o m e t e r ?  
Bessel is 1700 n deep masure r l  from crest to f l o o r  ( d )  and h a s  been exca- 
v a t e d  t o  a dep th  of 5b3 3 (Table 2). The d a r k  l a y e r  a t  SO0 m below the rin is 
2 9 1  of  d. 
- 
:laterial fzom, .=bout 282 of  d is d e p o s i t e d  a t  a range of 2 crater 
r a d i i  from the c e n t e r  of kxpact ( S t o f f l e r  et a l ,  1975). Thus, i f  a n o r t h o s i t i c  
b a s i n  f l o o r  material  lZes i n n e d i a t e l y  below t he  d a r k  l a y e r  i n  Bessel, honoge- 
neous to t h e  d e e p e s t  levzls of e x c a v a t i o n ,  i t  would create a b l a n k e t  of ejecta  
15.4 k m  i n  d i a m e t e r ,  T h i s  c a l c u l a t i o n  is a minimum e s t i n a t e  based on c r a t e r i n g  
e x p s r i m e n t s  i n t o  quartz sand; a wider d i s p e r s i o n  of ejecta would be expec ted  
for i n p a c t s  i n t o  hard  rock  ( S t o f f l e r  et al., 1975).  
Weteorite impacts  between the t i i n e  of b a s i n  fo rma t ion  and t h e  e p i s o d e s  of 
Bessel a p p e a r s  to  volcanis rn  t h a t  f i l l e d  them c r e a t e d  an i r r e g u l a r  b a s i n  €loor. 
have  forned on an  a r c h  ( S c o t t  et  al.,  1 9 7 s )  t h a t  is p a r t  OF a c i r c u l a r  marc 
r i d g e  sys tem 140 kn i n  d i a m t e r .  It inplies t h a t  an i n p a c t  s t r u c t u r e  b u r i e d  
b e n e a t h  t h e  mare s u r f a c e  (Elaxwell et al. ,  19751, t h a t  could have Seen  a lmos t  5 
k m  deep when it fo raed  (Croft, 1376). I f  t h i s  is so ,  the d e p t h s  of b a s a l t s  OR 
ei ther  s ide  of tliis ritl!:c syste-n slio!~I.;i i n c r e a s e .  I n  f a c t ,  r i d g e s  of te r l  nark 
a n o r t h o s i t i c :  i n a t e r i a l s  c~ouId l i e  c loser  t o  t h e  nare s u r f a c e  t h e r e  diere they 
cou ld  5c exposed i n  t he  e j e c t a  an1 f a l l b a c k  of the  c r a t e r .  IF t h i s  is t h e  
c o r r e c t  e x p l a n a t  i on  f o r  t he  low t i g / M  c o n c e n t r a t i o n s  a s s o c i a t e d  wi th  Ressel , tlie 
l e v e l  of t h e  b a s i n  f l o o r  would f a l l  o f €  s h a r p l y  from t h e  buried rin and b a s a l t  
a c c u n u l a t i o n s  would be co r re spond ing ly  t h i c k e r .  Although FSobil l ier  less than  
U 5  l i m  Si; o€ Eessel and S o r e l ,  less t h a n  250 k m  ::E of C e s s e l ,  a r e  small craters,  
-
>Ig/Al c o n c e n t r a t i o r i s  a s s o c i a t e d  w i t h  thern exceed t h e  mean va lues  for  t h e  ad ja- 
c e n t  mare and i n  both cases tile s t anda rd  d e v i a t i o n s  f o r  c r a t e r  vs mare material 
do  not ove r l ap .  T h e  h i g h e r  ;!g/Al r a t i o s  a t  B o b i l l i e r  r e l a t i v e  t o  t h e  surround-  
i n g  b a s a l t  s u r f a c e  suggest  t h a t  t h e  more r e c e n t  l a v a  t h a t  f looded o u t s i d e  t h e  
rim of t h e  crater  (Ydung, 1977)  have lower c o n c e n t r a t i o n s  of ?lg/Al than  t h e  sub- 
s u r f a c e  b a s a l t s  exposed a t  t h e  c r a t e r .  T h e  subsurface l a y e r  sampled by these 
impac t s  a t  l e v e l s  of 430 3 and 330 111, r e s p e c t i v e l y ,  may be part of t h e  da rk  
l a y e r  i n  t h e  wal l  of Bessel  crater  (and t h e  Gark border u n i t s  t h a t  Young (1977) 
proposed is a basic-wide dark nantle layer.  O r b i t a l  XKl d a t a  i n d i c a t e s  t h a t  
dark n a n t l e  exposed d o n g  border  u n i t s  i n  s o u t h e r n  a d  e a s t e r n  .‘lare S e r e n i t a t i s  
is magnesiun r i c h .  ‘Iigh qagnes iua  basal ts  a r e  also seen  as p e r i p h e r a l  u n i t s  of 
t ia re  Cr is iurn  and !%!are F e c u n d i t a t i s  and a s s o c i a t e d  wi th  i i ipact  craters i n  the 
c e n t e r s  of t h e s e  mar ia  (Andre e t  a l . ,  1978, 1979). T h e  hig\i-:lg m i t e r i a l  
d e t e c t e d  i n  the o r b i t a l  XXF d a t a  s u z g e s t s  t h a t  the  e a r l i e s t  s t a g e s  of volcanism 
i n  t h o s e  bas ins  are part  of basin-wide l a y e r s ,  1ar:;ely bur ied  by younger less- 
i n a p e s i a n  f lows ,  except  a long  d i s c o n t i n u o u s  mare benches a t  t h e  b a s i n  edge. 
The avers@ !tg/Al v a l u e s  for Tacquet  (426 ,  Fig. 3 )  and S u l p i c i o u s  G a l l u s  
t l P L 4 ,  Pig.  3 ) ,  a r e  lower than  the dark mant le  annul i i s  of S e r e n i t a t i s  where they  ill,. , 
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T a h l e  1. h a p a c t  craters t ha t  mcet  t h e  c r i t e r i a  €or  t h i s  s t u d y :  
Anvi l12  E 61C3 4 9 0 3 0 ' C ;  1050'tJ 4 . 3  11.3 . 2 
( T a r i i n t  ius C )  
Asiu l  a E 61C2 4 9 0 5 5 ' E ;  7015'i.l 6.1 1A.4 2 
( T a r u n t  ius A) 
Ue!;et ov E 42C3 29010'E; 16015'iJ 3.5 a. 3 1 
(Jansen C) 
tkssel E 4332 17055'E; 21040':? 7.7 18.3 1 
Sobill ier  E 42D3 l5025 'E;  19035'N 3.0  7.1 1 
(Bessel E )  
Bore1 ( L e  E 12C2 26025'E; 2 2 0 2 3 ' t i  2.8 
plonnier  C 













Ihn  B n t t u t a  E 80.16 50025'E; 7OS 5. s 13.7 4 1.2 
(Goc len ius  A )  
Lind be rgh E 8OA4 52050'E; 5025's 7.5 17.3 11 1.8 
(Ilessier G )  
( cont inued  on next  page) 
V b 
C ca  t e 1- 
XRF p ts .  
i n  CE d (!tn) 
5 1.9 
Age - LT3 
7 9 I52 
_I 
7 9 ~ 2  
63C3 
44D4 
62 A 1 
603 1 
60B4 


























c 3 2 -2  
Peek c 12 2 . 3  
Peircc 
?icaril 
P 1 i n ius 
E 3 2.1 
L G 2 .2 
2 4  3.0 
Kos s E 2 2.2 
Sccchi G E 1 1.3 
Sirias 
S i n a s  E 
E 2 2.2 
E 1 1.9 
2 2 . 1  Su 1 p i c  i o  u s 
G a l  liis 
C 
Tacqiie t 




6 3 2  I 
h IC2 




T a r  ii n t iu s c 59 1.2 
Unnaned i n  E ?  63T3 8302C)'E; P15':J 2.5 5.9 3 0.7 
Smyt h i i 
Z ah r i ug e I- E 61Cl AO010'E;  5030'?; 5.3 12 .5 G 2.2 
( T a r u n t i u s  C) 
*Lunar  To pogra p ! ~  ic 0 r t h o  $10 t o r t a p s ,  1 : 2 5 0,000 
C = Copern ican  
C = E r a t o s t h e n i a n  
t: = rim crest r a d i u s  
R,. = calcdatec!  r a d i u s  of cont inuous  e jecta  (:loore et al., 1974) 
d = rim t o  f loor  dep th  
I D 
T a b l e  2. Iripsct c ra t e r  ca lcu la t ions  
Crater B A S A L T  D E P T H S  
( i . i )  
( C )  ( : I )  GT 5?  vs mare) - -- Z?F  Deiion Horz --
I. A n v i l l e  1:!9 I27 
(Ta r u n t  i u s  C ) 
+ 2  GT 695 500-750 (250-375) 
2 .  Asa3a K2 77 + 5  
( T a r u n t  i u s  A )  
CT 86i) (0 -250)  (0-125) 
3. Seer 53 88 - 5  LT 495 0-500 0-2 50 
250-500 12 5-2 5 0  4 .  kkketov 107 107 >; 0 
( J a x s e n  C )  
5. Cerii ini  118 117 
( J a n s e n  L )  
+ 1  GT 460  500-750 (150-375) 
6 .  iiessel E 1  141 -2 0 
+'L 9 
LT 530 no d a t a  no d a t a  
GF 430 no data  nn data 7. i iobi1l i t . r  151 132 
(Ijesscl E )  
8.  i3orel 128 1l-2 
(Le : lonnier  C )  
+ 16 GT 330  no d a t a  no data 
12 5-2 50 LT SSO 253-500 
0-250 0- I25 
- 19 
+ 9  
250-509 12 5-2 50 
LT 4OG (750-1000) 375-500 
+ l  
-2 4 12. Tbn Battuia 7 3  54 
(Goclenius 11) 
13. Lifidbergh 1 O j  105 
(Iiessier G )  
0 GI' 395 500-750 (250-375) 
- 
X C;I ( 2 )  = ;?can d e n s i t y  nuzbcr Eor thz c ra te r  
0:: ('I) = " na re 
SI) = s t a u d a t d  d e v i a t i o r .  
G T  = greater t n a n  
11 ., - 
L'c = less t'ilaIl 
c 
Table 2. (cont.)  
13. Peek 94 Q7 - 3  LT 702 500 2 so 
no data no d a t a  + 10 .. 17. Peirce 105* 115 '\ 
1'3. i? icd rd 146 124 +2 2 GT 726 GT 1000 GT S30 
19. i'l i r i i u s  103 116 1, - 13 LT 250 LT 125 % *  
- 18 250-500 125-250 2d. Ross 94 1-12 v 
2 1. Seccl i i  L: 105 133 ', - 3  500-750 250-375 V 
22. S inns  122 E2 ,\ 0 750- 1000 375-500 \r 
23 .  Sirias C I23 El. x + 4  500-750 353-375 
24 .  : i u lp i c ious  IC2 113 -11 1JT 695 LT 250 LT 125 
2 5 .  Tacqiiet  107 Ili> - 3  LT' 530 0-250 0- 12 5 
Gal lus 
26. Tacque t  C 132 127 + 12 GT 535 (259-500) (125-250) 
2 7. Ta r u n t  i u s  3r; !..>9 -2 5 LT 400 0-250 0- 125 
28. Taruiititls :I ZtT 36 - 9  LT 595 500-750 250-375 
29 .  T a r u n t i u s  P E 2  126 -2 6 LT 460 250-530 12 5-2 50 
30. Timochar i s  95 104 x - 9  500-750 250-375 
- 7  v 31. Unnaned i r ?  102 199 11 
Snyt  t i  i i 
32 . Z a h r i n g e r  12 9 123 1, v - 1  
(Tarunt i u s  E)  
- fc coilt i n m i i s  e j ec t a  - cra te r  i n t e r i o r  riot w i t h i n  $ l a t a  coverage  
S I)!; ( C )  = :ae31i J eqs i cy  nlt:nbtr f o r  t!?e c r a t e r  
s I):? (3) = 
SI) = s t a n d a r d  d e v i a t i o n  
ST = g r e a t e r  titan 
LT = less t h a n  
" " mare 
- 
25@-500 12 5-2 50 
2 50-500 12 5-2 50 
